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In the present paper, a systematic study on the deformation behaviour of an oxidized high speed steel
(HSS) during nanoindentation has been conducted. Specimens cut from a HSS work roll were oxidized
first to develop the oxide layer with thickness close to that built up on a HSS work roll surface during hot
rolling in industry. Then, nanoindentation tests with three typical peak loads from low to high (namely 2
mN, 20 mN, and 200 mN) were conducted on the oxide scale surface. Porosity in oxide scale and its
surface morphology features were examined by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), respectively. In addition, a finite element model was developed and verified by
comparing with the experimental measured load-depth curves. With the developed model, for the first
time, a systematic investigation has been done to understand the effects of nanoindentation depth (from
10 nm to 1250 nm), friction coefficient (from 0 to 0.6) and initial porosity of oxide scale (from 0 to 20%)
during nanoindentation on the deformation behaviours of both oxide scale and HSS substrate. It has been
found an obvious size effect and three regions can be divided according to nanoindentation depth, based
on the evolution of mechanical property, porosity in oxide scale, and plastic deformations in both oxide
scale and HSS substrate. This study also revealed that friction has a slight influence during
nanoindentation and almost the same results were obtained when the friction coefficient is larger than
0.3. By contrast, a large influence of porosity in oxide scale was observed.
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Abstract:
In the present paper, a systematic study on the deformation behaviour of an oxidized high
speed steel (HSS) during nanoindentation has been conducted. Specimens cut from a HSS
work roll were oxidized first to develop the oxide layer with thickness close to that built up on
a HSS work roll surface during hot rolling in industry. Then, nanoindentation tests with three
typical peak loads from low to high (namely 2 mN, 20 mN, and 200 mN) were conducted on
the oxide scale surface. Porosity in oxide scale and its surface morphology features were
examined by transmission electron microscopy (TEM) and scanning electron microscopy
(SEM), respectively. In addition, a finite element model was developed and verified by
comparing with the experimental measured load-depth curves. With the developed model,
for the first time, a systematic investigation has been done to understand the effects of
nanoindentation depth (from 10 nm to 1250 nm), friction coefficient (from 0 to 0.6) and initial
porosity of oxide scale (from 0 to 20%) during nanoindentation on the deformation behaviours
of both oxide scale and HSS substrate. It has been found an obvious size effect and three
regions can be divided according to nanoindentation depth, based on the evolution of
mechanical property, porosity in oxide scale, and plastic deformations in both oxide scale and
HSS substrate. This study also revealed that friction has a slight influence during
nanoindentation and almost the same results were obtained when the friction coefficient is
larger than 0.3. By contrast, a large influence of porosity in oxide scale was observed.
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1. Introduction
Thermal oxidation of steel strips and work rolls can cause severe problems and cannot be
avoided during industrial hot rolling process because strips always have very high
temperatures before entering a rolling mill. According to studies [1-2], the strip temperature
varies between 900-1200 oC depending on strip material and hot rolling process parameters.
By contrast, work roll surface has lower temperatures which evolve cyclically due to contact
with hot strip in roll bite region and subsequent water cooling in each rotation. It has been
found that the maximum temperature at work roll surface could be higher than 600 oC [3-6].
Therefore, high speed steel (HSS) work rolls are increasingly used in industry because they
have much better high temperature properties (including hardness and wear resistance) than
those of high chromium steel rolls or indefinite chill iron rolls [7-10].
In order to improve the product surface quality and extend work roll service life, oxidation
behaviour of HSS materials has been studied since twenty years ago. A number of reports
[7,11-20] have revealed that oxidation of HSS materials could be influenced by many factors,
such as chemical composition, oxidation duration, atmosphere, pressure and so on. It has
been found that temperature and humidity play the most critical roles in oxide thickness,
phase constitution and its surface morphology: (i) HSS materials are oxidized very slowly when
temperature is less than 600 oC but accelerated when temperature is higher than 650 oC
[13,15,16,19]; (ii) the presence of water vapour in the atmosphere always increases the
oxidation rate, particularly at temperatures above 600 oC [7,11,14,15,18]. Zhu et al. [15] has
provided an experimental evidence that oxidation initiated at the interface between carbides
and matrix regardless of temperature and humidity, by in-situ observations using a high
temperature microscope. According to Monteiro et al. [11], the oxidation rate can be
effectively reduced by increasing Cr content, but there are no obvious changes with contents
of V and W elements.
Unlike the chemical lubricants during hot rolling [21], oxide scale can be considered as a
protective coating to reduce heat transfer and wear of work roll surface [22]. But it can also
spoil the surface quality of both product and work roll because of buckling and spallation
happened during thermal cycles [23-25]. These studies suggest that the performance of oxide
scales is highly dependent on their microstructure features and mechanical properties. It
should be noted that there are very limited reports available on the mechanical properties of
oxide scales, particularly on the oxide scales at work roll surface, because they have very thin
scale and it is difficult to use conventional testing techniques. Recently, Zamri et al. [26,27]

have successfully obtained mechanical properties of an oxide scale on a HSS material with a
help of nanoindentation technique, which is based on the continuous recording of applied
force and resulting depth of an indenter and has been considered as a reliable method to
evaluate a material’s mechanical response to load [28-30]. In fact, the oxide scale on work roll
surface undergoes very complicated loads during contact with strips in the roll bite region,
including tension, compression and shear. According to the microscopy examinations of an
industrial HSS work roll, features of indentation and scratch at the roll surface have also been
found, which should be induced by those very hard flaked off carbides or oxide particles [6,7].
It is worthy to note that, very limited studies on the indentation behaviour of an oxide scale
have been reported by now. Even through nanoindentations of oxide scale have been
reported by Zamri et al. [26,27], they only conducted tests on the cross-section of the oxide
scale rather than at oxide scale surface. They aimed to obtain the mechanical properties of
the oxide scale and they did not consider the deformation of steel substrate and its influence,
which in fact is very important. In addition, their oxide scale was too thick (over 20 μm) which
was not able to form at work roll surface under industrial hot rolling conditions. They have
used a very narrow range of loads (only 5-20 mN) in their reports. It should be noted that
deformation feature and fracture of a film/substrate system was strongly related to the
applied indentation load or depth [31,32]. Besides, influences of friction and oxide scale
porosity were not considered in those studies.
Therefore, in order to consider both the nanoindentation behaviour of oxide scale and
deformation response of HSS substrate under the realistic contact condition at work roll
surface during hot rolling, this study is specifically designed. First, an oxide scale on a HSS
substrate with its thickness similar to an industrial case has been developed. Then,
nanoindentation tests on the oxide scale surface were carried out in a wide load range. After
that, microstructural features of the oxide scale (thickness of the oxide scale and its initial
porosity) were characterized using transmission electron microscopy (TEM) and surface
morphology of the oxide scale was characterized using scanning electron microscopy (SEM),
respectively. Besides, a finite element model considering porous plasticity was developed and
verified by the experimental measurements. With the help of this developed model, for the
first time, effects of nanoindentation depth, friction and initial porosity of oxide scale were
systematically examined. Their influences on the evolutions of load-depth curve, oxide scale
porosity and plastic deformation in both oxide scale and HSS substrate have been discussed
in details.

2. Theoretical background
2.1 Theory of nanoindentation
An understanding of nanoindentation begins with a study of contact mechanics between solid
bodies, and the basic analysis has its foundation in the elastic contact theory [28]. Hertz [33]
developed a method to analyse the problem of elastic contact between two spherical surfaces
with different radii and elastic constants, and he calculated the radius of the circle of contact
𝑎 in terms of the load 𝑃 by:
𝑎3 =

3 𝑃𝑅
4 𝐸𝑟

(1)

where 𝑅 indicates the effective radius, 𝐸𝑟 is the reduced elastic modulus considering elastic
deformations in both specimen and indenter and it can be written as:
1
𝐸𝑟

=

(1−𝜐𝑠2 )
(1−𝜐𝑖2 )
+
𝐸𝑠
𝐸𝑖

(2)

𝐸𝑠 is the elastic modulus of specimen, 𝜐𝑠 is the Poisson’s ratio of specimen, 𝐸𝑖 is the elastic
modulus of indenter, and 𝜐𝑖 is the Poisson’s ratio of indenter.
Based on the Hertz elastic contact theory, Sneddon [34] has proposed a general relation
among the load, depth and contact area:
𝑃 = 𝛼ℎ𝑚

(3)

where ℎ is the elastic depth of indenter, and α and 𝑚 are power law fitting constants.
Since 1970s, nanoindentation has attracted wide interest in experimental investigation and
this technique has been further developed to measure the elastic modulus and hardness of a
material (particular thin films or coatings) during one cycle of loading and unloading [28-30].
Fig. 1a shows a typical nanoindentation load-depth (𝑃-ℎ) curve, plotting evolution of the
applied force as a function of the indentation depth. Fig. 1b and c shows the Berkovich
indenter geometry and illustration of nanoindentation cross-section. ℎ𝑚𝑎𝑥 is the peak
indentation depth at the peak load 𝑃𝑚𝑎𝑥 , ℎ𝑟 is the residual indentation depth after unloading,
and ℎ𝑠 is the difference between the total depth h and contact depth ℎ𝑐 .
By analysing the upper portion of unloading 𝑃-ℎ curve as shown in Fig. 1a, the stiffness of
contact between indenter and specimen can be calculated by [29]:

𝑆=

𝑑𝑃
𝑑ℎ

(4)

and the reduced elastic modulus can then be calculated by:
𝐸𝑟 =

√𝜋 𝑆
2𝛽 𝐴

(5)

where parameter 𝐴 is the projection of the contact area during nanoindentation and  is a
dimensionless parameter depending on the indenter geometry. Details in determination of
load frame compliance and diamond area function can be found in previous studies by Oliver
and Pharr [29,30]. The area function for a Berkovich indenter can be expressed by
𝐴(ℎ𝑐 ) = 𝐶0 ℎ𝑐2 + ∑8𝑖=1 𝐶𝑖 ℎ𝑐1

⁄2(𝑖−1)

(6)

𝐶0 = 3√3𝑡𝑎𝑛2 𝜃

(7)

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀(ℎ𝑚𝑎𝑥 − ℎ𝑟 )

(8)

The first term in Eq. (6) describes a perfect Berkovich indenter, and the others account for the
tip rounding and other variations from the ideal geometry shape. Parameters , 𝐶0 and ε are
constants depending on indenter geometry. For a Berkovich indenter,  indicates the face
angle of indenter and 𝐶0 is about 24.56. Parameter ε in Eq. (8) depends on the indenter
geometry, it is 0.75 for a Berkovich indenter while 0.72 for a conical indenter [28,29].
Substituting Eqs. (5) and (6) into Eq. (2), the elastic modulus of specimen can be written by
𝐸𝑠 =

1−𝜐𝑠2
2
2𝛽𝐴 𝑑ℎ (1−𝜐𝑖 )
−
𝐸𝑖
√𝜋 𝑑𝑃

(9)

The mean contact pressure, 𝑃𝑚 , calculated as a function of the indentation strain (ratio of the
contact radius 𝑎 over the indenter radius 𝑅) is
4 𝐸𝑟 𝑎
𝜋 𝑅

𝑃𝑚 = 3

(10)

According to Eq. (5) and Eq. (10), the relation between the mean contact pressure and
indentation strain can be rewritten as
2𝑆 1 𝑎
√𝜋 𝑅

𝑃𝑚 = 3𝛽𝐴

Nanohardness of specimen (𝐻) can be calculated using the following equation [29,30]:

(11)

𝐻=

𝑃𝑚𝑎𝑥
𝐴

(12)

From these equations, elastic modulus and nanohardness of a material can be determined
based on nanoindentation analysis, once its Poisson’s ratio 𝜈𝑠 is known. It has been often
assumed as 0.2 for ceramic materials and 0.3 for metallic materials [27].

Fig. 1 (a) Typical nanoindentation load-depth (𝑃-ℎ) curve during loading and unloading segments, (b)
geometry of a Berkovich indenter tip, (c) schematic illustration of a nanoindentation cross-section, (d)
photo of the IBIS/UMIS nanoindentation system applied for experiments in this study.

2.2 Description of porous plasticity material model
Over the last 50 years, plasticity of the porous materials has been a subject of intensive
investigations and there are two main primary directions: (i) plasticity at small overall strains
(determination of the macroscopic yield surface in stress space accounting for porosity) [35];
and (ii) considering void growth and coalescence at much larger overall strains [36]. This
section provides a brief description about the Gurson-type porous plasticity model, which is
the most widely used micromechanical model initially proposed by Gurson and further
improved by Tvergaard and Needleman [37-39]. The yield function of this model is expressed
by
𝑞2

3𝑝

𝑦

𝑦

∅(𝑓, 𝜎𝑦 , 𝑝, 𝑞) = 𝜎2 + 2𝑞1 𝑓 ∗ (𝑓)𝑐𝑜𝑠ℎ (−𝑞2 2𝜎 ) − 1 − 𝑞3 𝑓 ∗ 2 (𝑓) = 0

(13)

where 𝑓 is the void volume fraction and it is the average measure of a void-matrix aggregate,
𝑓 ∗ is a porosity function describing the evolution 𝑓, 𝜎𝑦 is the yield stress governing flow of
the matrix material, 𝑝 is the macroscopic hydrostatic pressure, 𝑞 is the conventional von
Mises equivalent stress. Parameters 𝑞1 , 𝑞2 and 𝑞3 are constants to account for void
interaction effects due to multiple-void arrays and to provide a better agreement with
experimental results.
In Eq. (13), 𝑓 indicates the current void volume fraction, and the evolution of the void volume
fraction can be divided into two contributions, namely the growth of existing voids (𝑓𝑔 ) and
the nucleation of new voids ( 𝑓𝑛 ). The void growth is based on the bulk material
incompressibility under plastic deformation, while the void nucleation is dependent on the
stress or strain conditions. The following mathematical relationships are applied,
𝑓̇ = 𝑓𝑔̇ + 𝑓𝑛̇

(14)

𝑓𝑔̇ = (1 − 𝑓)𝜀̇𝑘𝑘
𝑓𝑛̇ =

(15)

2
𝑝
𝐹𝑛
1 𝜀 −𝜀
𝑝
𝑒𝑥𝑝 [− ( 𝑚 𝑛 ) ] 𝜀̇𝑚
𝑆𝑛 √2𝜋
2
𝑆𝑛

(16)

𝑝

where 𝜀̇𝑘𝑘 indicates the plastic strain rate, 𝜀𝑚 indicates the equivalent plastic strain of matrix
material, 𝐹𝑛 represents the void nucleating particles fraction, 𝜀𝑛 and 𝑆𝑛 represent the mean
value and standard deviation of the strain.
Aiming to account for the rapid drop in stress carrying capacity or void coalescence, Tvergaard
and Needleman replaced parameter 𝑓 using a bilinear effective porosity function (𝑓 ∗ (𝑓)) as
following [39],
𝑓
𝑓 ∗ (𝑓) = 𝑓(𝑥) =

𝑓𝑐 +

{ (𝑞1

for
(𝑞1 +√𝑞2
1 −𝑞3 )⁄𝑞3 −𝑓𝑐
𝑓𝑓 −𝑓𝑐

+√𝑞12 −𝑞3 )⁄𝑞3

(𝑓−𝑓𝑐 ) for
for

𝑓 ≤ 𝑓𝑐
𝑓𝑐 <𝑓<𝑓𝑓

(17)

𝑓≥𝑓𝑓

where 𝑓𝑐 is the critical void volume fraction at which voids begin to coalesce and the material
softening is accelerated, and 𝑓𝑓 denotes the void volume fraction after the complete failure
and the material loses all stress carrying capacity. The term 𝑓𝑐 < 𝑓 < 𝑓𝑓 describes the
mechanisms such as void coalescence and development of micro-fractures.

Pressure in the yield conditions as shown in Eq. (13) leads to non-deviatoric plastic strains,
and plastic flow is assumed to be normal to the yield surface. The hardening of the matrix
material can be described through
𝑝

𝜎𝑦 = 𝜎𝑦 (𝜀𝑚 )

(18)
𝑝

The evolution of the equivalent plastic strain (𝜀𝑚 ) in the matrix material is assumed to be
governed by enforcing equality between the rates of macroscopic plastic work and the matrix
plastic dissipation [39],
𝑝
𝑝
(1 − 𝑓)𝜎𝑦 𝜀̇𝑚
= 𝜎𝑖𝑗 𝜀̇𝑖𝑗

(19)

3. Material and experiment
The studied material was a hot rolling work roll grade HSS material, mainly containing 1.78%
C, 5.0% Cr, 0.55% Mn, 3.7% Mo, 0.69% Si, 5.2% V, and 0.52% Ni [6]. This material has about
10.5% vanadium and chromium carbides based on X-ray diffraction (XRD) analysis [7]. HSS
specimens with dimension of 15×15×5 mm3 were cut from a broken hot rolling work roll and
the average Vickers microhardness is about 780 Hv. These HSS specimens were carefully
ground and polished using a standard method before isothermal oxidation. The oxidation
experiments were conducted at 600 oC in a dry atmosphere for half an hour based on previous
study [20], which showed that such the oxidation condition resulted into the oxide scale with
similar thickness to that observed at HSS work roll surface after industrial hot rolling.

Fig. 2 Typical cross-sectional microstructure of the studied oxide scale by TEM observation before
nanoindentation.

Nanoindentation tests were conducted on the oxidized HSS sample surface, using the
IBIS/UMIS nanoindentaton system developed by the CSIRO Division of Applied Physics in
Sydney. A diamond Berkovich indenter, having geometry of three-sided pyramid with an angle
of about 65.27° between the centreline and three faces, was used. The indenter tip has a
curvature with diameter of about 150 nm. Resolutions in loading force and depth during
nanoindentation experiments are about 75 nN and 0.05 nm, respectively. Fig. 1d shows a
photo of the IBIS/UMIS nanoindentation system applied for experiment in this study. The
equipment can perform an indentation test in a wide load range from 100 μN up to 500 mN.
Three typical loading forces, namely 2 mN (low load), 20 mN (medium load) and 200 mN (high
load), were selected for nanoindentation tests. For each loading force, 25 nanoindentations
were carried out in terms of a 5x5 array across the oxide scale surface. A square root load
control mode was chosen where the load was increased gradually until it reached the
maximum load and then it was decreased.
Scanning electron microscopy (SEM) was applied to characterize surface morphology of the
oxidized HSS samples after nanoindentation tests. Thickness and porosity of the oxide scale
on the HSS matrix was determined using transmission electron microscopy (TEM), with the
sample prepared by focused ion beam (FIB) technique. It has been found that the average
oxide scale thickness is about 517 nm and close to that developed at HSS work roll surface in
industry [7]. The overall porosity in oxide scale is about 4.8%, estimated from ten TEM crosssectional microstructures of oxide scale based on the fractional area of the pores or voids. Fig.
2 is a TEM image showing the typical cross-sectional microstructure of the oxide scale. These
experimental results will be used as input parameters when developing finite element model
in the following section.

Fig. 3 (a) Schematic illustration of a finite element model about nanoindentation on the surface of an
oxidized HSS specimen, (b) detailed mesh conditions of oxide scale and HSS substrate, (c) magnified
region as highlighted in (b).

4. Finite element simulation
In previous studies [26,27], Zamri et al. has simulated nanoindentations on the cross-section
of a thick oxide scale aiming to obtain mechanical property variations along the thickness
direction of the oxide layer. Unfortunately, their models are not able to reflect realistic
deformation responses in oxide scale and HSS substrate during practical roll-strip contacts in
hot rolling because their oxide scale was too thick and nanoindentations were not applied on
the surface. In addition, only very limited loads of 5 mN and 20 mN were applied in those
nanoindentations, and influences of friction and oxide scale porosity have not been
considered. Therefore, in this study, nanoindentations on the oxide scale surface are
simulated using commercial finite element software Abaqus (version 6.11-1).
Fig. 3a shows the schematic illustration of finite element model. Similar to previous reports
[28,40,41], the Berkovich indenter geometry was simplified into two-dimension as a cone with
a vertex angle of 70.3° due to the same area-to-depth ratio. The indenter was simulated as an
analytical rigid surface with a reference point attached to the tip point due to its very high
elastic modulus. The oxide scale and HSS substrate were assumed as deformable bodies, and
their interface was considered as perfectly bonded. Oxide scale thickness was set to 500 nm
based on TEM observations. It is worth noting that the simulated oxide scale in this study was
assumed to be uniform along its thickness direction and no transition zone between the oxide
scale and HSS substrate was considered since it is very thin under practical hot rolling industry
conditions. As marked in Fig. 3a, HSS substrate was assumed to have 25 μm in length and 25
μm in thickness. The oxide scale and HSS substrate were meshed into 12000 and 8400
elements, respectively. Detailed meshes can be seen in Fig. 3b. The highlighted region under
the indenter contact has a higher density of meshes with very fine elements. As illustrated in
Fig. 3c, the element size was progressively increased towards the far field domain in the
specimen model. A four-node bilinear axisymmetric quadrilateral reduced integration
element type with hourglass control (element id: CAX4R) was assigned for both oxide scale
and HSS substrate. Input parameters of the diamond Berkovich indenter, oxide scale and HSS
substrate for finite element simulations in this study were extracted from previous reports
[26-28]. The Poisson’s ratio of the indenter, oxide scale and HSS was 0.07, 0.19 and 0.3,
respectively. The input elastic modulus and yield strength for the indenter were 1141 GPa and
35.7 GPa, respectively, and 240 GPa and 7.0 GPa for oxide scale, and 210 GPa and 2.0 GPa for
HSS substrate. Gurson-type porosity material model in Section 2.2 was used for oxide scale,

while elasto-plastic material model was used for HSS substrate. The overall porosity was set
to 5% in oxide scale based on TEM observations. Influence of initial porosity has also been
studied by simulating porosity in a wide range from 0 to 20%. It should be noted that, presence
of the carbides in HSS material has not been considered in the present simulations.
Similar to experiments, the indenter was loaded along the vertical direction (Y direction in Fig.
3a) to press into the oxide scale surface and constrained in the horizontal direction (X direction
in Fig. 3a) in simulations. Once a pre-set maximum depth was reached, the indenter was
unloaded in a reverse path to its original position. In this study, a wide range of
nanoindentation depth from 10 nm to 1250 nm were simulated. As illustrated in Fig. 3, nodes
on the bottom edge of HSS substrate were constrained in both X and Y directions so that they
could not move during the whole nanoindentation process. In order to understand the
influence of frictional contact between the indenter and oxide scale, various friction
coefficients from µ=0 to 0.6 were studied. To enforce the contact, the deformable oxide scale
surface was considered as the slave surface while the rigid indenter surface was considered
as the master surface. A total of 54 cases have been simulated in this study.
5. Results and discussion
5.1 Experimental results and model verification
In this work, nanoindentation tests on the surface of oxidized HSS material were conducted in
a 5×5 array using a low load (2 mN), medium load (20 mN) and high load (200 mN), respectively.
Surface morphologies of the oxide scale after nanoindentation tests were characterized by
SEM as shown in Fig. 4a-c. It has been seen that HSS substrate is fully covered by oxide layer
during the oxidation, which has similar features to the previous oxidation reports [13-16]. It
should be noted that nanoindentations at carbides free regions were only considered, away
from the oxidized carbides which often protrude above the oxide matrix. It is evident in Fig.
4a, loading force of 2 mN leads to very shallow residual indents at oxide scale surface. Some
very small pile-ups can be distinguished by carefully observing the edges and corners of these
indents. Fig. 4b shows the residual indents for the loading force of 20 mN. By comparison,
they have a much larger size than those indents in Fig. 4a. Geometry differences among the
indents in Fig. 4b are still visible, and both pile-up and sink-in can be seen at surface depending
on the indent locations. When increasing the loading force up to 200 mN, residual indents
with very similar size to each other have been obtained as shown in Fig. 4c. However, microcracks developed around some indents as indicated by red arrows in the figure. From Fig. 4, it

is obvious that nanoindentation load has a large effect on the residual indents in both the
geometry shape and size. In addition, indent variations under low load in Fig. 4a or under
medium load in Fig. 4b should be attributed to inhomogeneous oxidations at HSS surface. As
reported in [9,15-17,20], non-uniform oxidation due to short oxidation time leads to
variations in the oxide scale thickness.

Fig. 4 SEM images of the oxidized HSS specimen surface after nanoindentations under peak loading
force 𝑃 of (a) 2 mN, (b) 20 mN, and (c) 200 mN.

Fig. 5a-c shows the 𝑃-ℎ curves obtained by nanoindentation experiments. Fig. 5a indicates
that the maximum nanoindentation depth is about 78.5 nm and the residual depth is about
50.2 nm for the low load of 2 mN. By comparison, the maximum nanoindentation depth is
about 315 nm for the medium load of 20 mN in Fig. 5b and 1115 nm for the high load of 200
mN in Fig. 5c. The corresponding residual depth after unloading is about 248 nm and 978 nm,
respectively. It is worth noting that the maximum indentation depth of 1115 nm is more than
twice of the oxide scale thickness (517 nm). This confirms that HSS matrix has already been
plastically deformed during nanoindentation when the loading force is as high as 200 mN. In
Refs. [26,27], nanoindentations with 20 mN were also done but on the cross-section of the
oxide scale. Their results indicated that the maximum nanoindentation depth was about 250
nm in the outer oxide sublayer and about 340 nm in the inner oxide sublayer. The differences

between this work and studies [26,27] should be due to the differences in oxide
microstructure, phase compositions and nanoindentation orientations (from surface or crosssection).

Fig. 5 Comparison of nanoindentation 𝑃-ℎ curves between finite element simulation and experiment
under the peak loading force 𝑃 of (a) 2 mN, (b) 20 mN, and (c) 200 mN.

In addition to the experiments, finite element simulations were also conducted based on
those three measured maximum nanoindentation depths. The simulated load-depth curves
are also plotted in Fig. 5 and compared with the experimental measurements. As can be seen,
reasonable agreements between the simulations and experiments have been obtained for all
three cases. For a given nanoindentation depth, simulated and measured peak loading forces
are close and their difference is less than 5%. Small deviations in both loading and unloading
segments for the low load in Fig. 5 should be due to the influence of oxide scale surface
morphology and residual stress. Slightly inhomogeneous oxide scale surface is seen in Fig. 4a,
but perfectly flat surfaces were assumed in the finite element simulations. Besides, residual
stress in the oxide scale as measured in [20] has not been considered in this study, but its
influence will be investigated in future. According to the comparison between the simulations
and experiments in Fig. 5, it suggests that the present finite element model is reliable to
simulate the nanoindentations on the surface of oxidized HSS materials.

5.2 Effect of nanoindentation depth
According to previous experiments and simulations [42-46], mechanical properties of various
materials were found to be dependent on the indentation depths. Zamri et al. [26] also
obtained different results when they changed the load from 5 mN to 20 mN. Therefore, a wide
range of nanoindentaton depth from 10 nm to 1250 nm are simulated in this section to study
its effect, considering the constant friction coefficient of 0.1 and initial porosity of 5% in oxide
layer.

Fig. 6 (a) Overview of 𝑃-ℎ curves during nanoindentations of oxidized HSS material under all simulated
loads. Magnified 𝑃-ℎ curves for the maximum loading depth of (b) 10-75 nm, (c) 100-450 nm, and (d)
500-1250 nm.

Fig. 6a shows an overview of the simulated 𝑃-ℎ curves during nanoindentation. In the figure,
three regions have been marked according to the maximum loading depth. The corresponding
𝑃-ℎ curves for each region have been magnified in Fig. 6b-d, respectively. It is obvious that
the shape of loading curve follows a similar tendency but the shape of unloading curve
changes significantly. The slope of unloading curve increases gradually with the maximum
loading depth.

Fig. 7 Plots of residual nanoindentation depth against the maximum loading depth based on finite
element simulations and experimental measurements.

Fig. 7 shows the evolution of simulated residual nanoindentation depth against the maximum
loading depth. A good linear relationship between them is seen from the magnified figure
inserted in Fig. 7 when the maximum loading depth is less than 100 nm, as indicated by the
red dashed line. However, with further increasing the nanoindentation depth, the slope
deviates gradually leading to a quicker increase into the residual depth. Such a phenomenon
should be affected by the presence of HSS substrate below the oxide scale. In order to make
a comparison, the experimental measured residual nanoindentation depths indicated by the
blue points have also been plotted in Fig. 7. Large deviations from the red dashed line have
been seen when the applied load was 20 mN or 200 mN, and the deviation increases with the
nanoindentation load. In addition, the figure also reveals that the experimental results are
slightly lower than the simulated results.

Fig. 8 Plots of simulated (a) contact stiffness ( 𝑑𝑃/𝑑ℎ ), (b) elastic modulus of oxide scale, (c)
nanohardness of oxide scale, and (d) minimum porosity in oxide scale after nanoindentation against
the maximum nanoindentation depth.

Based on 𝑃-ℎ curves in Fig. 6, contact stiffness, elastic modulus and nanohardness have been
calculated separately. Fig. 8a shows that contact stiffness increases linearly with the maximum
nanoindentation depth and the curve can be divided into three regions depending on the
slope. As marked in the figure, region I has the maximum nanoindentation depth less than
150 nm; region II has the maximum nanoindentation depth between 150 nm and 450 nm;
region III has the maximum nanoindentation depth larger than 450 nm. It is obvious that the
slope of unloading curves increases gradually from in region I to in region III. When the
maximum loading depth reaches to 1250 nm, the contact stiffness rises up to 1866.3 uN/nm.
Fig. 8b and c shows the calculated elastic modulus and nanohardness of the oxide scale using
Eqs. (9) and (12), respectively, based on finite element simulations. It is worth noting that
these two equations are applied in this study since there are no universe standard equations
available for elastic modulus and nanohardness calculations for film/substrate composite
materials considering the influence of substrate. It is obvious that both of them decrease
dramatically in region I. The corresponding elastic modulus and nanohardness equals 854.8
GPa and 69.3 GPa, respectively, when the maximum nanoindentation depth is 10 nm. When

the maximum nanoindentation depth changes to 100 nm, elastic modulus and nanohardness
decreases quickly to 268.1 GPa and 16.5 GPa. It is clear that the reduction reaches to about
68.6% in elastic modulus and 76.2% in nanohardness. Such kind of significant changes under
very low loads is called size effect, which has already been reported in many studies on
nanoindentations of other bulk metallic materials and thin films/coatings [47]. The
indentation size effect can be induced by many mechanisms, such as friction, elastic recovery,
dislocation processes, material surface energy, plastic flow initiation and even statistical
measurement errors [42,43]. According to the previous experimental observations [17],
microstructure inhomogeneity within the oxide layer and its surface roughness can also lead
to the nanoindentation size effect. In-situ nanoindentation experiment under TEM system is
required to gain more understanding about the dislocation processes and deformation
initiation of oxide scale as well as the deformation response of HSS substrate.
As can be seen from Fig. 8b and c, there are much smaller variations when the maximum
nanoindentation depth is beyond 100 nm. In region II, elastic modulus decreases very slightly
first and then increases slowly. A minimum elastic modulus of 216.4 GPa is obtained under
the peak loading depth of 300 nm. By contrast, there is only a slight monotonic decrease in
the nanohardness in this region. According to Fig. 8c, the corresponding nanohardness of
oxide scale is about 11.9 GPa and 9.4 GPa, respectively, for the maximum nanoindentation
depth of 150 nm and 450 nm. It is obvious that deformation of HSS substrate in region II can
retard the nanohardness decrease of oxide scale. In region III, elastic modulus of oxide scale
continues rising while its nanohardness keeps decreasing. It should be noted that both of
them evolve in a very small rate as shown in the figures. From Fig. 8b, it is obvious that the
corresponding resolved elastic modulus during nanoindentation is always smaller than the
elastic modulus of oxide scale, but they have the same evolution tendency with the maximum
nanoindentation depth. Fig. 8d shows the evolution of the minimum porosity that can be
obtained in the oxide scale during nanoindentation as a function of the maximum loading
depth, when the initial oxide scale porosity is 5%. From this figure, it has been found that the
obtained minimum porosity is about 2.95% when the maximum loading depth is 10 nm. It
decreases quickly to 0.5% when the maximum loading depth increases up to 100 nm (in region
I). The minimum porosity in the oxide scale maintains at about 0.45% when the maximum
loading depth varies from 150 nm to 450 nm (in region II). It decreases gradually with further
load during nanoindentation and it reaches to about 0.15% when the maximum loading depth
is 1250 nm (in region III).

Fig. 9 Contours of stress distributions under the peak load during nanoindentation with the maximum
loading depths of 40 nm, 350 nm and 1000 nm: (a) von Mises stress (S), and (b) shear stress (S12).

Fig. 9 and Fig. 10 show the von Mises stress and shear stress distributions in the oxide scale
and HSS substrate under the peak load during nanoindentation and after unloading,
respectively. In order to understand the effect of nanoindentation depth, three cases located
in different regions as defined in Fig. 8 have been compared. From Fig. 9a and Fig. 10a, it has
been found that the maximum von Mises stress is about 6400.6 MPa during loading for the
maximum nanoindentation depth of 40 nm (in region I) and decreases to 4983.2 MPa after
unloading. In addition to the magnitude, position having the maximum stress also changes. It
has moved from below the indent center to the edge of residual indent (or contact boundary)
when removing the load. In this case, the stress in HSS substrate is almost zero. However, von
Mises stress distribution changes significantly when increasing nanoindentation depth to 350
nm (in region II) or 1000 nm (in region III). In Fig. 9a, along vertical direction, the oxide region
below indent center is subjected to very large von Mises stress during loading under these

two maximum nanoindentation depths. Along horizontal direction, von Mises stress in oxide
scale is still very large until reaching to the contact boundary, where there is very large stress
gradient. On the other hand, HSS substrate has been plastically deformed as well. With
increasing the loading depth, the plastic deformation zone increases much quicker along
vertical direction than horizontal direction. As can be seen from Fig. 10a, large residual von
Mises stress still exists at the oxide-steel interface below the indent boundary after unloading
because of deformation in steel matrix. The maximum value is about 5833.1 MPa for loading
depth of 350 nm and 6021.6 MPa for 1000 nm. By contrast, the indent surface has much
smaller stress.

Fig. 10 Contours of stress distributions after unloading of nanoindentation with the maximum loading
depths of 40 nm, 350 nm and 1000 nm: (a) von Mises stress (S), and (b) shear stress (S12).

The shear stress distributions during loading have been compared in Fig. 9b. The maximum
shear stress under loading depth of 40 nm is about 3199.4 MPa, and there is only 5.2%
increment when loading depth changes to 1000 nm. It is interesting to see that shear stress

in oxide layer always concentrates around the contact boundary and extends downward in a
shape of bulb. By comparing these three images in Fig. 9b, it has been found that orientation
of the bulb-shaped shear stress contour changes with load during nanoindentation. With
increasing the nanoindentation load, there is a slight clock-wise rotation of the bulb-shaped
around Z axis (as indicated in Fig. 3a) towards the indentation center. By comparison, the
shear stress in HSS substrate only changes in magnitude and size, but there is no change in
shape and orientation. After unloading, as shown in Fig. 10b, the indent boundary undergoes
compressive residual shear stress (-1226.1 MPa) for nanoindentation depth of 40 nm. As for
350 nm and 1000 nm nanoindentations, positive shear stress exists around the indent
boundary but negative shear stress exists at oxide-matrix interface below the indent boundary.
Simulation results reveal that, larger indentation depth results into a higher stress, and oxide
scale always has higher stress compared to the soft HSS substrate. In addition, it has been
found that deformation of HSS substrate during nanoindentation also changes the stress
contours, particularly shear stress contours as displayed in Fig. 9b and Fig. 10b. These results
indicate that the deformed oxide scale performs like a large indenter for HSS material when
indentation depth is very large. The oxide scale can also be treated as an effective hard
protective layer above HSS surface to reduce the plastic deformation during nanoindentation.
Besides, Fig. 9 can interpret that indentation becomes easier once HSS substrate starts
deformation, which leading to a larger contact area and then decreasing the nanohardness of
oxide scale as observed in Fig. 8c.
5.3 Effect of friction during nanoindentation
In most of previous modelling studies on nanoindentations [26,27,44,48], the effect of friction
in the contact response has been neglected for simplicity. However, according to recent
studies [40,41,49], elastic modulus, hardness and crystallographic orientation are found to
change with the friction coefficient. In practical hot rolling process, lubricants are always
applied, which definitely affects the surface contact conditions among oxides, HSS work roll
and strips [1,21]. Therefore, a clear understanding about the influence of friction during
nanoindentation on the surface of oxidized HSS work roll is very essential. It has been found
that no such kind of reports are available based on a careful literature review. To provide a
systematic understanding, three nanoindentation depths from different regions as defined in
Fig. 8 are studied in this section. For each nanoindentation depth, various friction coefficients
have been compared assuming a constant initial porosity of 5% in oxide scale.

Fig. 11 (a) The 𝑃-ℎ curves under different friction conditions (with friction coefficient of µ=0, 0.1, 0.2,
0.3, 0.4, 0.5 and 0.6) with maximum nanoindentation depth of 50 nm, (b) magnified 𝑃-ℎ curves for the
black circle highlighted region in (a), (c) residual surface profiles in oxide scale under different frictional
conditions (with friction coefficient of µ=0, 0.1, 0.3 and 0.5) with maximum nanoindentation depth of
50 nm, (d) magnified surface profiles from the black circle highlighted region in (c), which indicates the
pile-up during nanoindentation.

Fig. 11a shows the 𝑃-ℎ curves under friction coefficient from 0 to 0.6 when the maximum
nanoindentation depth is 50 nm (located in region I). It is observed that all these curves are
quite similar in both shape and magnitude. Fig. 11b is the magnification of the circular
highlighted part in Fig. 11a, which reveals the differences induced by friction. As can be seen,
frictionless contact leads to the greatest loading force of 986.8 μN. Then the peak load
decreases to 981.4 μN with increasing the friction coefficient to 0.1, but the results are almost
the same (about 978.1 μN) when friction coefficient is larger than 0.3. Elastic modulus and
nanohardness of oxide scales are calculated according to Fig. 11a, and the results indicate a
similar tendency to references [40,49]. It has been found that the friction coefficient has a
positive effect on E but an opposite effect on H when the friction coefficient is less than 0.3.
When the friction coefficient is higher than 0.3, no obvious influence has been seen.

Fig. 12 Influence of friction (µ=0, 0.1 and 0.3) on the contours of stress distributions under the peak
load during nanoindentation with the maximum loading depth of 50 nm: (a) von Mises stress (S), and
(b) shear stress (S12).

Fig. 11c shows the influence of friction coefficient on residual surface profile of the indents
for the peak nanoindentation depth of 50 nm. It is clear that very similar features are obtained
and pile-up occurs at the boundary of the indents under all frictional conditions. When
magnifying Fig. 11c, it is then obvious to see the differences as displayed in Fig. 11d. The
maximum pile-up height decreases gradually from 2.1 nm for µ=0 to 1.3 nm for µ=0.3, and
there is no more changes if μ keeps increasing. The ratio of the maximum pile-up height over
maximum indentation depth is about 4.2% for µ=0 and 2.6% for µ=0.3, respectively. Similar
observations have also been reported in the simulations of other metallic materials, no matter
using elastic-plastic material models [50-52] or crystal plasticity material model [49].

Fig. 13 Influence of friction (µ=0, 0.1 and 0.3) on the contours of stress distributions after unloading of
nanoindentation with the maximum depth of 50 nm: (a) von Mises stress (S), and (b) shear stress (S12).

Influence of friction on distributions of von Mises stress and shear stress is also studied. Fig.
12 and Fig. 13 shows the stress contours for µ=0, 0.1 and 0.3 under the peak load during
nanoindentation and after unloading, respectively. A comparison in Fig. 12a reveals that
friction does not affect shape and size of the plastic deformation zone significantly.
Frictionless condition (µ=0) leads to slightly higher von Mises stress and shear stress, but very
small variations exist under the other frictional conditions (µ>0). The influence of friction
mainly occurs at the oxide scale surface during nanoindentation. According to the theoretical
analysis [49], friction opposes slip of oxide scale surface and leads to a decrease in the amount
of stresses as well as the pile-up (Fig. 11c and d). It has been found that, the maximum von
Mises stress in oxide layer is about 6914.3 MPa for µ=0 and 6399.7 MPa for µ=0.3 during
loading, and decreases to about 6014.8 MPa for µ=0 and 5031.2 MPa for µ=0.3 after unloading.

Fig. 14 Influence of frictional condition during nanoindentation on the porosity evolution in the oxide
scale with maximum indentation depth of 50 nm. Distribution contour of porosity in oxide scale under
friction coefficient of (a) µ=0, (b) µ=0.1 and (c) µ=0.3. (d) The minimum porosity in the oxide scale and
the porosity at the position right under the indenter center after nanoindentation with friction
coefficient µ varying from 0 to 0.6.

Fig. 14 shows the nanoindentation induced porosity changes in oxide scale with the maximum
depth of 50 nm for different friction coefficients. As can be seen from Fig. 14a, for frictionless
contact, porosity increases gradually from the indent center along both the horizontal and
vertical directions. The oxide scale under the indenter is effectively densified. Fig. 14b and c
shows the oxide scale porosity distributions for friction coefficient of 0.1 and 0.3, respectively.
Except the similar vertical and horizontal changes to Fig 14a, there is a common feature that
porosity at indent center is slightly larger than its surroundings which has not been seen in Fig.
14a. This should be attributed to the frictional contact with indenter curvature. This area
increases with friction coefficient up to 0.3 and then there is no more obvious variation. Fig.
14d summarizes the minimum porosity in oxide scale as well as the porosity in the indent
center for all contact conditions from µ=0 to 0.6, calculated using the Eqs. (14)-(17) as
introduced in Section 2.2. It is obvious that both of them increase with friction coefficient from
µ=0 to 0.3, and friction coefficients larger than 0.3 lead almost the same results. As can be
seen from the figure, the porosity at the position right under the indenter center is not the
minimum porosity in the oxide scale. This might be attributed to the geometry of the
simulated Berkovich indenter. According to the previous experiments [17,48], it is not
practical to have the perfectly sharp Berkovich indenters but they always have small radius.
The imperfect indenter tip with curvature surface leads to the decrease of stress

concentration during nanoindentation right below it, which in turn reduces the densitification
of oxide scale porosity. Therefore, the minimum porosity in oxide scale is always lower than
the porosity at indent center as shown in Fig. 14d. The difference rises quickly with µ when it
is less than 0.3 and then maintains to about 2.5% with further changing the friction coefficient.

Fig. 15 Effect of friction on 𝑃-ℎ curves during nanoindentation with the maximum loading depth of (a)
400 nm, (b) 400 nm (highlighted region in (a)), and (c) 1000 nm. Effect of friction on residual surface
profiles in oxide scales during nanoindentation with the maximum loading depth of (d) 400 nm, (e) 400
nm (highlighted region in (d)), and (f) 1000 nm.

In addition to region I, effect of friction during nanoindentations in region II and III have also
been examined. Fig. 15a shows the 𝑃-ℎ curves for maximum nanoindentation depth of 400
nm (located in region II) with friction coefficients of 0, 0.1, 0.3 and 0.5. Similar to the results
in Fig. 11, a higher peak loading force can be seen under a lower friction coefficient from the
magnified curves in Fig. 15b. The difference among them is very small. The peak loading force
is about 30.93 mN for µ=0 and about 30.86 mN for µ=0.5, respectively. When the maximum
nanoindentation depth increases up to 1000 nm (located in region III), very close results are
obtained and effect of friction can be neglected as shown in Fig. 15c. Therefore, it can be
concluded that friction has a negative influence on the load-depth curves for a given oxide
scale (with constant oxide scale thickness and porosity) irrespective of nanoindentation
depths, but the influence is small.
Residual surface profiles after nanoindentations with 400 nm reveal formation of sink-ins
around the indenter contact boundary for all friction coefficients in Fig. 15d. The magnified
profiles in Fig. 15e suggest that µ=0 leads to a slight amount of sink-in than the other friction

coefficients. Very similar results have also been obtained in Fig. 15f, for the maximum
nanoindentation depth of 1000 nm. Formation of sink-ins during nanoindentation under large
loads can also be found from the microscopy observations as shown in Fig. 4. It should be
noted that the present model is not able to simulate development of micro-cracks which have
been marked in Fig. 4c. By comparing the results in Fig. 11 and Fig. 15, it is able to see that
pile-up develops in region I while sink-in develops in region II and III during nanoindentations
on the surface of the oxidized HSS material. In addition, this is the first time to report that
friction has the negative effect on the amount of pile-ups but a positive effect on sink-ins
depending on the nanoindentation depth.

Fig. 16 Effect of initial porosity in oxide scale on 𝑃-ℎ curves during nanoindentation with the maximum
loading depth of (a) 50 nm, (b) 400 nm, and (c) 1000 nm.

5.4 Effect of porosity in oxide scale
This section focuses on studying the effect of initial porosity in the oxide scales during
nanoindentation, by selecting three maximum nanoindentation depths in region I, II, and III,
as defined in Fig. 8, respectively. In order to avoid the effect of friction, all simulations were
conducted with a constant friction coefficient of µ=0.1.

Fig. 17 Effect of initial porosity in oxide scale on (a) residual indentation depth, (b) maximum loading
force, (c) contact stiffness, and (d) nanohardness of oxide scale during nanoindentation with the
maximum loading depth of 150 nm.

Fig. 16 shows a comparison of 𝑃-ℎ curves for different oxide scale porosities from 0 to 20%.
From these curves, it is obvious that porosity has the similar influence irrespective of
nanoindentation depths. Under all three studied nanoindentation depths, the peak loading
force decreases gradually with increasing the oxide scale porosity, but the residual indentation
depth changes oppositely. Therefore, it is reasonable to only select one nanoindentation
depth for further discussions. Based on calculations from Fig. 16b, evolutions of residual
indentation depth, peak loading force, contact stiffness as well as nanohardness, have been
plotted in Fig. 17 as a function of the original porosity in oxide scale. As can be seen, there is
very good linear relationship between residual depth and initial porosity. When the oxide
scale is fully dense without any pores or voids, the residual depth is smallest and it is about
111.7 nm. With increasing porosity up to 20%, residual depth rises to about 123.8 nm with a
10.83% increment. Similar evolution tendency is also seen in Fig. 17c for contact stiffness,
where porosity of 20% leads to the maximum contact stiffness of about 208.5 μN/nm. On the
other hand, both the peak loading force and nanohardness decrease with oxide layer porosity
as shown in Fig. 17b and d. It is obvious that increasing the porosity from 0 to 20% results in
about 27.76% reduction in peak load and 34.01% reduction in nanohardness, respectively. By

contrast, the effect of porosity on elastic modulus is very slight and there is only a small
variation. These observations are consistent with recent studies on polymer films [53] and
porous ceramics [54]. As suggested by Chen et al. [48], such a slight influence of porosity
should be due to the small densified zone in oxide scale compared to the longer range of
elastic deformation around the nanoindentation.

Fig. 18 Effect of initial porosity in oxide scale on residual surface profile after nanoindentation with the
maximum nanoindentation depth of (a) 50 nm, (b) 150 nm, and (c) 1000 nm. (d) Enlarged region shown
in (b).

Effect of initial porosity on the residual surface profile of oxide scale is also investigated. It is
very interesting to find that all porosities lead to development of pile-up around the contact
boundary as marked in Fig. 18a for the nanoindentation depth of 50 nm. By contrast, sink-in
always forms under the nanoindentation depth of 1000 nm as displayed in Fig. 18c. These two
figures also reveal the decreases in the amount of pile-ups or sink-ins with increasing the
porosity, respectively. Fig. 18b shows the evolution of indent profile in oxide scale against its
initial porosity under nanoindentation with 150 nm. The profiles around contact boundary are
not as clear as the other two nanoindentation depths. This is because nanoindentation depth
of 150 nm is very close to the boundary between regions I and II as shown in Fig. 8. The circular
highlighted boundary in Fig. 18b is enlarged as shown in Fig. 18d, which obviously reveals a
transition of forming pile-up from sink-in with increasing porosity. Points A and B in the figure

means the intersecting position of deformed oxide scale surface with the original surface
height for porosity of 0 and 20%, respectively. From Fig. 18, it is able to gain a systematic
understanding that, the pile-up evolves gradually into the sink-in at oxide scale surface with
increasing nanoindentation depth for a given porosity, and amount of pile-up or sink-in
decreases gradually with porosity for a given nanoindentation depth.

Fig. 19 Influence of initial porosity of the oxide scale (f=0, 5% and 20%) on the contours of stress
distributions under the peak load during nanoindentation with the maximum loading depth of 150 nm:
(a) von Mises stress (S), and (b) shear stress (S12).

Fig. 20 Influence of initial porosity of the oxide scale (f=0, 5% and 20%) on the contours of stress
distributions after unloading of nanoindentation with the maximum depth of 150 nm: (a) von Mises
stress (S), and (b) shear stress (S12).

Fig. 19 and Fig. 20, respectively, shows the effect of initial porosity of oxide scales on stress
distributions under the peak load during nanoindentation and after unloading. As shown in
Fig. 19a, the maximum von Mises stress under peak load decreases gradually from 7029.5
MPa for initial porosity of 0 to 6193.8 MPa for initial porosity of 20%. The decrement reaches
to 11.89%. The figures also suggest that there is a larger area with stress concentrations below
the indenter center for a lower porosity. In addition, the stress gradient increases along both
horizontal and vertical directions with initial porosity. Similar tendency can be observed in the
shear stress filed (Fig. 19b), where shear stress concentrates around the contact boundary
and evolves downwards. After unloading as shown in Fig. 20a and b, stress concentrations
around the interface between oxide scale and HSS substrate right below the indent boundary
are visible. It is evident that HSS substrate undergoes smaller stress with increasing the oxide
scale porosity. Therefore, the porous oxide layer can be considered as an effective protective

media on work roll surface during practical hot rolling to buffer indentation shocks by very
hard materials such as flaked carbides [23-25].

Fig. 21 Contours of porosity in oxide scale during nanoindentation with the maximum loading depth of
50 nm, with initial porosity of (a) 5%, (b) 10%, and (c) 20%. (d) Evolution of the minimum porosity in
oxide scale against its initial porosity before nanoindentation.

In Fig. 21a-c, nanoindentation induced porosity changes in oxide scales with initial porosity of
5%, 10% and 20% have been displayed, respectively. All these contour maps reveal that the
region below the indent center has been effectively densified, and the porosity increases
gradually along both the horizontal and vertical directions. Such kinds of phenomena have
also been observed in some other porous materials [48,54,55]. The minimum porosity
obtained in oxide scales is summarized in Fig. 21d. As can be seen, for a given nanoindentation
depth of 150 nm, there is a significant effect and the minimum porosity in oxide scale
increases quickly with its initial porosity. Their relationship can be mathematically described
using the following equation,
𝑓min = 11.45 × 10−3 (𝑓0 + 1.315)1.889

(20)

where 𝑓min indicates the minimum porosity in the oxide scale after nanoindentation, and 𝑓0
indicates the initial porosity before nanoindentation.
According to the results shown in this section, the deformation behaviour of oxide scale during
nanoindentation can be significantly affected by its porosity, which depends on the substrate
material property, oxidation duration, temperature, atmosphere pressure as well as humidity

[15,17-19]. It is worth noting that the current report only focus on the oxide scale porosity of
≤20%. In future, nanoindentation for a wider range of oxide scale porosity will be considered
and the relationship between the oxide scale porosity evolution and oxidation parameters will
also be examined.
6. Conclusions
Nanoindentations on the surface of an oxidized high speed steel work roll material was
systematically investigated based on both experimental measurements and finite element
simulations. For the first time, effects of nanoindentation depth, friction and initial porosity
of oxide scale on the oxidized HSS material have been examined, and the following conclusions
can be drawn:
(1) Isothermal oxidation experiment of a high speed steel material was conducted at 600 oC
in a dry atmosphere, leading to the oxide scale having an average thickness of about 517
nm with an overall porosity of about 4.8%. According to SEM observations on the oxide
scale surface after nanoindentation tests, it has been found that both the geometry shape
and size of residual indents were greatly affected by the load. Besides, micro-cracks were
developed at oxide scale surface when the nanoindentation load was as high as 200 mN.
(2) A finite element model considering the practical microstructural features of oxide scale
was developed. Good agreement between experiments and simulations suggest that the
developed model is reliable to investigate nanoindentation behaviour of the oxidized HSS
material.
(3) A significant nanoindentation size effect was observed and three regions can be
distinguished as a function of nanoindentation depth. It has been found that, plastic
deformation mainly happened in oxide layer when nanoindentation depth was less than
150 nm (region I), while HSS substrate was plastically deformed together with oxide scale
when nanoindentation depth was between 150 nm and 450 nm (region II), and HSS
substrate was severely deformed when nanoindentation depth was greater than 450 nm
(region III).
(4) In this study, a slight influence of friction was found when friction coefficient was less than
0.3 while almost the same result were obtained for friction coefficients larger than 0.3. By
contrast, the initial porosity of oxide scale had a great effect during nanoindentation. For
a constant nanoindentation depth, the maximum loading force decreased with increasing

porosity, while a clear increase in residual indentation depth after unloading was
observed.
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